Abstract An atmospheric-pressure argon plasma jet with screw ring-ring electrodes in surface dielectric barrier discharge is generated by a sinusoidal excitation voltage at 8 kHz. The discharge characteristics, such as rotational and vibrational temperature of nitrogen, electronic excitation temperature, oxygen atomic density, nitrogen molecular density, and average electron density, are estimated. It is found that the rotational temperature of nitrogen is in the range of 352 ∼ 392 K by comparing the simulated spectrum with the measured spectrum at the C 3 Πu → B 3 Πg(∆ν = −2) band transition, the electronic excitation temperature is found to be in the range of 3127 ∼ 3230 K by using the Boltzmann plot method, the oxygen atomic and nitrogen molecular density are of the order of magnitude of 10 16 cm −3 by the actinometry method, and the average electron density is of the order of magnitude of 10 12 cm −3 by the energy balance equation. Besides, the effective power, conduction, and displacement current are measured during the discharge.
Introduction
Because of its favorable properties, including low gas temperature, high reactive chemical species, and easy plasma dynamics control [1] , the cold atmosphericpressure plasma jet has attracted lots of attention in view of its wide range of potential applications such as thin film deposition [2∼4] , sterilization [5∼8] , surface modification [9, 10] , and etching [11] . The cold plasma jet or plume is usually generated in open air, so such short lifetime active species as oxygen atoms and charge particles can easily approach the objects under treatment before disappearing, and there are no limitations to the sizes of the objects to be treated.
The plasma jets can be classified according to the configuration of electrodes in the discharge reactor. Typically, two main types of electrode geometry are used: 'bare' powered electrodes and dielectric covered electrodes [12] . For example, NIE et al. [1] presented a simple cold argon plasma jet, which was generated with floating electrodes by a sinusoidal excitation voltage at frequency of 48 kHz. As the applied voltage was changed from 2.7 kV to 5.6 kV, the transition of plasma jet was caused from ignition, through stable plume to an unstable stage. LI et al. [13] presented an atmospheric-pressure argon plasma jet generated with a single needle electrode by a sinusoidal excitation voltage at frequency of 45 kHz. As the applied voltage increased, the corona, glow-like plume, and filamentary discharges evolved individually. The average electron density was of the order of magnitude of 10 12 cm −3 in the filamentary state. WALSH et al. [14] reported a room temperature atmospheric argon plasma jet, which was produced with a single ring electrode in dielectric barrier discharge (DBD). It was obtained that the electron density of the pulsed argon plasma jet was 3.9 times greater than that in a comparable sinusoidal jet. JARRIGE et al. [12] reported a room temperature atmospheric-pressure helium plasma jet generated with two copper foils wrapped around an acrylic tube in DBD. It was observed that as the applied voltage increased, the plasma bullet velocity and diameter increased, and the plasma bullet appeared to behave like a surface discharge in the tube and like a positive streamer in air.
The major advantage of DBD configuration is to prevent the transition to a spark and to homogenize the discharge [12] . Based on this property, a cold atmospheric-pressure argon plasma jet is generated with screw ring-ring electrodes in surface dielectric barrier discharge (SDBD). The aim of this work is to analyze the characteristics of the SDBD argon plasma jet, such as applied voltage, conduction and displacement current, effective power, rotational and vibrational temperature of nitrogen, electronic excitation temperature, oxygen atomic and nitrogen molecular density, and average electron density.
Experimental setup
A schematic of experimental apparatus and discharge photograph are shown in Fig. 1 . The powered electrode is a stainless steel screw ring with inner diameter, outer diameter, and length of 6 mm, 8 mm, and 80 mm, respectively. It is powered by a sinusoidal excitation voltage at 8 kHz. The powered electrode is attached tightly on the inside wall of a quartz glass tube with the inner diameter, outer diameter and length of 8 mm, 10 mm, and 100 mm, respectively. The open end of the quartz glass tube is a pencil-shaped tapered end used as the gas outlet with a diameter of 2 mm. A copper foil of 40 mm length is wrapped on the outside of the quartz glass tube as the grounded electrode. The distance between the grounded electrode and gas outlet is 10 mm. A quartz glass plate (thickness of 1 mm) is placed 5 mm away from the gas outlet. The working gas of Ar (99.999%) is injected through the gas inlet with a flow rate of 1 lpm. The applied voltages are measured by using a high voltage probe (Tektronix P6015A) and the currents are measured through a 50 Ω resistor in series with the grounded electrode, and the electrical signals are recorded via a digital oscilloscope (Tektronix TDS 2014). The Lissajous plots are obtained through a 100 nF capacitor in series with the grounded electrode. An optical fiber, located 2 mm away from the quartz glass plate, is used to collect the optical emission of the plasma plume. The signals are recorded by a spectrometer (Acton INS-300-122B) with a grating of 1200 grooves per millimeter and a slit width of 20 µm (Ar 300 ∼ 900 nm). The discharge image is obtained by using a Nikon digital camera COOLPIX S600.
3 Experiment results and discussions
Electrical discharge characteristics
According to the schematic of an asymmetric single dielectric barrier plasma actuator reported by SINGH et al. [15] , we impose a virtual electrode paralleled to the grounded electrode over the inside wall of quartz tube. Fig. 2 shows the equivalent circuit diagram of the SDBD argon plasma jet device. As shown in Fig. 2, C d represents the capacitor between the powered and the grounded electrodes, C dv represents the capacitor between the virtual electrode and the grounded electrode, and C p and R p represent the equivalent capacitor and resistor of the plasma jet, respectively. Besides, U tot (t), I tot (t), I dc (t), and I dp (t) represent the total voltage applied to the plasma jet device, the total current through the plasma jet device, the conduction current through the gas gap, and the displacement current through the dielectric, respectively. Using KIRCHOFF's theorem for the equivalent circuit given in Fig. 3 , the following equations are obtained:
I tot (t) = I dp (t) + I dc (t).
Eqs. (1) and (2) are used to determine the conduction and displacement current when the peak applied voltage is higher than 3 kV. The typical waveforms of applied voltage, total current, displacement, and conduction current are shown in Fig. 3 for the case of 2 kV peak applied voltage. The total current measured from the grounded electrode consists of a displacement and conduction current. The displacement current is measured without discharging in the reactor when the air replaces the argon to serve as the working gas under the same peak applied voltage. So the conduction current is determined by subtracting the displacement current from the total current. As shown in Fig. 3 , the amplitude of the conduction current is much lower than the total current. It is due to the fact that the displacement current takes up a considerable proportion in the total current. There is one dominant conduction current every half-period of the applied voltage, the peaks of which are 1.03 mA and 1.01 mA, and the corresponding total current peaks are 2.13 mA and 2.09 mA, respectively.
The capacitance waveform of capacitor C d for two periods is shown in Fig. 4 , which is deduced from the data of displacement current shown in Fig. 3 by using Eq. (1). The average value of the C d curve is determined without considering the effect of peaks, which arises from numerical singularities occurring during the zero-crossing of the denominator [16, 17] . The typical waveforms of applied voltage, total current, displacement, and conduction current are plotted in Fig. 5 for the case of 6.4 kV peak applied voltage. As the peak applied voltage exceeds 3 kV, the displacement current cannot be measured because of the discharge in reactor when the air replaces the argon to serve as the working gas. Accordingly, the conduction and displacement current in the case of 6.4 kV peak applied voltage are determined from Eqs. (1) and (2) . As presented in Fig. 5 , the amplitude of the conduction current is much closer to the total current. It is due to the fact that the displacement current takes up a small proportion of the total current. The results shown in Fig. 3 and Fig. 5 are just opposite. It shows that the proportion of conduction current in the total current increases gradually with increasing applied voltage. The conduction current peaks are 8.6 mA and 9.3 mA, and the corresponding total current peaks are 12.16 mA and 12.8 mA, respectively.
The effective power is determined by using a Lissajous plot obtained through a 100 nF capacitor in series with the grounded electrode. The variation of effective power versus applied voltage is shown in Fig. 6 . As the peak applied voltage increases from U p = 5 kV to U p = 7 kV, the effective power increases from 4.69 W to 8.66 W accordingly. 
Gas temperature
Gas temperature T g (K) is an important parameter in any plasma processing application, and for atmospheric plasmas it is close to the rotational temperature of N 2 and OH [18∼20] . To determine the rotational temperature T rot (K) and vibrational temperature T vib (K) of nitrogen, the simulated spectrum is compared with the experimentally recorded spectrum in the C 3 Π u → B 3 Π g (∆ν = −2) band transition from 368 nm to 382 nm. The rotational and vibrational temperature of nitrogen can be obtained when the best fit is achieved [21∼23] . Fig. 7 shows the experimental and simulated spectrum of nitrogen second positive system 0-2 transition from 368 nm to 382 nm for peak applied voltage of 6.2 kV. The variations of rotational and vibrational temperature versus applied voltage are shown in Fig. 8 and Fig. 9 , respectively. As the peak applied voltage increases from U p = 5 kV to U p = 7 kV, the rotational and vibrational temperature increase from 352 K to 392 K and from 1218 K to 1256 K, respectively. It is in good agreement with the conclusion reported by SEO et al [24] . 
Electronic excitation temperature
The excitation temperature T exc (K) can be obtained provided the population in the levels of atom follows the Boltzmann distribution for plasma in local thermodynamic equilibrium [1, 13, 25, 26] . The measured optical emission spectra are shown in Fig. 10 and Fig. 11 . It is seen that the plasma plume is dominated by the excited OH, N 2 , Ar, and O. The neutral Ar atomic emission lines 415.9 nm for the transition (3s 2 3p 5 )5p → (3s 2 3p 5 )4s and 706.7 nm, 714.7 nm, 738.4 nm, 751.5 nm, 794.8 nm, and 800.6 nm for the transition (3s 2 3p 5 )4p → (3s 2 3p 5 )4s are chosen to determine the excitation temperature under a Boltzmann approximation. The variation of electronic excitation temperature versus applied voltage reflects the changes of relative population distribution in the atomic levels and the electron temperature and density in the plasma due to electron-atom collision which dominates in the atmospheric pressure plasma discharge [13, 25] . Fig. 12 shows the Boltzmann plot of excitation temperature at the peak applied voltage of 6.2 kV. Fig. 13 shows the excitation temperature for different peak applied voltage. Regarding the result shown in Fig. 13 , as the peak applied voltage increases from U p = 5 kV to U p = 7 kV, the excitation temperature increases from 3127 K to 3230 K, which is in good agreement with the conclusion reported by WEI et al [27] . Besides, the curves of excitation temperature versus applied voltage and that of effective power versus applied voltage (shown in Fig. 6 ) exhibit a similar tendency, i.e., linearly increasing tendency. It is indicated that the excitation temperature can be determined by the effective power [13, 25] . Fig.10 Optical emission spectrum 300∼650 nm in peak applied voltage of 5 kV and Ar flow rate of 1 lpm, the inset graph is optical emission spectrum 410∼425 nm 
Oxygen atomic density and nitrogen molecular density
KATSCH et al. [28] chose the atomic oxygen line λ = 844.6 nm and the argon line λ = 750.4 nm to determine the density of atomic oxygen and gave the condition of applicability as follows.
a. The excitation cross sections have the same shape, particularly close to the threshold.
b. The population of excited levels from higher levels is negligible.
c. Two-step excitation, e.g., via metastables, is negligible.
d. There is no population of atomic levels via dissociation.
e. Radiationless de-excitation (quenching) of excited levels is negligible.
Based on the above mentioned actinometry method, QIAN et al. [29] chose the atomic oxygen line λ = 844.6 nm and the argon line λ = 750.4 nm to determine the density of atomic oxygen in an atmosphericpressure Ar/O 2 plasma jet. QAYYUM et al. [30] selected the argon line λ = 419.8 nm and the nitrogen line λ = 337.1 nm to estimate the nitrogen molecular density, because the excitation thresholds for the two radiative species are reasonably close (13.2 eV and 11.1 eV) and the shapes of the electron-impact cross sections are also rather similar.
In our work, the oxygen and nitrogen molecular density in the plasma plume are very small compared with the argon density, so the collision-induced quenching of the upper Ar (2p 1 ), O (3p 3 P), and N 2 (C 3 Π u , ν = 0) states in the nitrogen and oxygen gas are neglected. Considering the collision-induced quenching of the upper Ar (2p 1 ), O (3p 3 P), and N 2 (C 3 Π u , ν = 0) states in the argon gas, the intensity of atomic oxygen line λ = 844.6 nm can be expressed as
The intensity of the argon line λ = 750.4 nm is given by
The intensity of the nitrogen line λ = 337.1 nm is given by
The quantities C involve all optical and geometrical parameters; hγ is the photon energy of respective transition; A i denotes the sum over all optical transition probabilities A ij for the excited state, and is equal to the reciprocal of the natural lifetime τ 0 ; A ij is equal to A i = 1/τ 0 , since the only optically allowed transition from each of the excited states is observed, respectively [31] . n e , n O , n Ar and n N2 denote the electron density, oxygen atomic density, argon density, and nitrogen molecular density, respectively. The argon density n Ar is determined by the ideal gas equation n = p/kT g , where the gas pressure p (Pa) takes the value of one atmospheric-pressure, and the gas temperature T g (K) is obtained from Fig. 8 . k Oq , k Arq and k N2q denote the quenching rate coefficients of the upper Ar (2p 1 ), O (3p 3 P) and N 2 (C 3 Π u , ν = 0) states in argon gas, respectively. Table 1 summarizes the data of radiative lifetimes and quenching rate coefficients for molecular N 2 (C 3 Π u , ν = 0), atomic O (3p 3 P) and Ar (2p 1 ) taken from the literature [32∼35] . [32] . b [33] . c [34] . d [35] .
The electron excitation rate coefficient k e is determined by integrating the cross sections over an assumed Maxwellian distribution
where m e is the electron mass, σ(ε) is the electronimpact cross section for excitation [36∼38] , f (ε) is the electron energy distribution function. Fig. 14 shows the electron-impact excitation cross sections for molecular N 2 (C 3 Π u , ν = 0), atomic O (3p 3 P) and Ar (2p 1 ). As presented in Fig. 14 , the excitation threshold of the atomic oxygen line λ = 844.6 nm (10.98 eV) matches closely with the excitation threshold of the nitrogen line λ = 337.1 nm (11.1 eV), and the shapes of both cross sections are similar. So the nitrogen molecular density can be determined by the intensity ratio of the nitrogen line λ = 337.1 nm to the atomic oxygen line λ = 844.6 nm. From Eqs. (3)∼ (5), we obtain
with a
The oxygen atomic and nitrogen molecular density are determined using Eqs. (7) and (8). Fig. 15 shows the oxygen atomic and nitrogen molecular density for different peak applied voltages. Regarding the result in Fig. 15 , as the peak applied voltage increases from U p = 5 kV to U p = 7 kV, the oxygen atomic and nitrogen molecular densities increase from 1. 
Average electron density
The density of the plasma column in the quartz tube was determined by LI et al. [13] using the energy balance equation. In our study, the plasma column is dominated by species Ar, Ar * , Ar + , N * 2 , and O * , so the energy balance equation is deduced as W eff ≈ n e n Ar k 1iz ε 1iz + n e n Ar k 1ex ε * 1ex +n e n Ar k el,e−a 3m e M T e + n e n N2 k 2ex ε 2ex
where W eff is the effective power density (W/cm 3 ) determined by P eff /V . P eff is the effective power (W), and V is the volume of plasma column (cm 3 ). The volume of the plasma column is determined by V = πR
, here R 1 is the inner radius of quartz glass tube, L 1 is the length of the grounded electrode, R 2 is the radius of gas outlet, L 2 is the distance between the gas outlet and the quartz glass plate, and h is the distance from the grounded electrode to the gas outlet. k 1iz , k 1ex and k el,e−a are the ionization rate coefficient, excitation rate coefficient, and electron-ion collision rate coefficient for argon, respectively [39] . ε 1iz and ε * 1ex are the first ionization energy (eV) from the ground state and the first excitation energy (eV) for argon. M is the molar mass of argon equal to 40 × 10 −3 kg. Since the electron temperature of plasma column in atmospheric argon plasma jet is in the range of 1.12 ∼1.14 eV [13] , the electron temperature T e takes the value of 1 eV. k 2ex and k 3ex are the excitation rate coefficients for nitrogen and atomic oxygen. The rate coefficients are functions of electron temperature and in the unit of cm 3 /s. ε 2ex and ε 3ex are the excitation threshold of nitrogen line λ = 337.1 nm (11.1 eV) and the excitation threshold of atomic oxygen line λ = 844.6 nm (10.98 eV). n O and n N2 are the oxygen atomic and nitrogen molecular density obtained from Fig. 15 , and the argon density n Ar is determined by the ideal gas equation. The variation of average electron density versus applied voltage is shown in Fig. 16 . As the peak applied voltage increases from U p = 5 kV to U p = 7 kV, the average electron density increases from 3.24 × 10 12 cm −3 to 6.66 × 10 12 cm −3 accordingly. In addition, the electron density of the argon plasma jet can be estimated from the expression n e = J/(eµ e E), where J is the current density, e is the electron charge, µ e is the electron mobility, and E is the electric field sustained in the discharge region, respectively. The current density is obtained by the current divided by the discharge cross section. Because the plasma plume is considered to be sustained by discharging between the screw ring electrode and a virtual electrode in the downstream, the discharge cross section is determined by regarding the thickness of the screw ring electrode (1 mm) as the effective diameter, which is 0.00785 cm 2 . In general, the electric field is obtained by the applied voltage divided by the distance of discharge gap. The voltage of virtual electrode in this study cannot be determined, so an approximate electric field value of breakdown threshold (2.7 kV/cm) [40] at 1 atm in argon gas is used. The value of µ e p for argon gas is 0.33 × 10 6 cm 2 torr/Vs [40] . Under the condition shown in Fig. 5 (the effective value of conduction current is 6.58 mA), the electron density is estimated to be 4.65 × 10 12 cm −3 . Although the average electron density of the plasma column (5.76 × 10 12 cm −3 ) calculated by the energy balance equation is higher than the above result, the difference falls in the permitted error range of 20%, and thus the results obtained by the two methods are thought of as in fairly good agreement.
Conclusion
An SDBD argon plasma jet generated with screw ring-ring electrodes at atmospheric-pressure has been studied. It is found that the values of discharge characteristic parameters (effective power, rotational and vibrational temperature of nitrogen molecules, electronic excitation temperature, average electron density, oxygen atomic and nitrogen molecular density) increase linearly with the applied voltage. The oxygen atomic density, nitrogen molecular density, and average electron density are of the orders of magnitude of 10 16 cm −3 , 10 16 cm −3 , and 10 12 cm −3 , respectively. Besides, the optical emission spectra show that there is excited Ar, N 2 , OH, and O in the plasma plume.
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